INTRODUCTION
dominant genes [11] .
Magnetic resonance imaging (MRI) is the only imaging modality that allows visualization of the internal musculature in vivo. MRI has been successfully used to describe craniofacial, velopharyngeal, and levator veli palatini (levator) measures in children. Studies have previously examined the levator muscle in children with noncleft and cleft palate anatomy [12] [13] [14] . These MRI studies demonstrate the value of using MRI for assessing velopharyngeal structures and their function and the potential clinical utility of MRI in improving postsurgical speech outcomes. However, to the best of our knowledge, no studies have described the use of MRI to characterize velopharyngeal muscular structures in individuals with PRS [16] . Structural and functional investigations among this population have been isolated to radiographic and computer tomography studies [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . A greater understanding of the anatomy would provide important insight into speech outcomes and variations among those with PRS and accompanying syndromes related to velopharyngeal closure and speech.
In this case study, we describe the speech and craniofacial anatomy of three siblings with a familial history of Sticker syndrome, two of which were diagnosed PRS and cleft palate (status post cleft palate repair). The purpose of this study is to explore potential anatomical predictors for speech outcomes, given that one child developed compensatory articulation errors and hypernasality despite similar upbringing and diagnoses. Relative implications contribute to further discussion on speech and surgical outcomes in children with PRS, particularly with a family history of Stickler syndrome.
CASE REPORTS Methodology
In accordance with the local Institutional Review Board, three English-speaking, Caucasian siblings were recruited to participate in this study. A self-reported family history was obtained. A comprehensive speech evaluation was conducted for all participants, which included completion of the Americleft protocol speech sample [26] , perceptual resonance rating, Simplified Nasometric Assessment Procedures-Revised (SNAP-R) [27] , and pressure-flow analysis. The Americleft protocol speech sample was used to assess articulation and consists of the American English sentence sample (repeated sentences), rote counting, and a two-minute conversation sample [26] . Perceptual resonance ratings for hypernasality and hyponasality were made on a 5-point and 3-point scale, respectively, which is consistent with the Americleft Speech Project protocol [26] .
A Phillips 1.5 Tesla MRI scanner (Eindhoven, The Netherlands) and head coil were used to scan participants while lying in the supine position. The imaging protocol is consistent with that used in previous MRI investigations of the velopharyngeal muscles [28] . An elastic strap attached to the head coil was used to stabilize the head during the scan to reduce motion artifact that negatively influence image quality. Participants were instructed to breathe through their nose, and images were collected at rest with the velum in a fully-lowered position, resting on the tongue base.
Image processing methods were consistent with previously reported MRI investigations [28] [29] [30] . Raw magnetic resonance images were transferred into Thermo Scientific TM Amira TM Software (Thermo Fisher Scientific, Waltham, MA, USA), which includes a native Digital Imaging and Communications in Medicine support program to ensure that anatomical geometry is maintained. Craniofacial and velopharyngeal measures were taken from the midsagittal image. Levator dimensions were taken from the oblique coronal image, which is a coronal image rotated to allow viewing of the levator muscle in its entirety. The measures selected in the present study reflect measures commonly reported in the literature [30] [31] [32] [33] [34] [35] and velopharyngeal analyses using MRI [30, [36] [37] [38] [39] . Measures are defined in Table 1 . Craniofacial landmarks and levator muscle locations were identified manually.
Reliability
Pearson product moment correlation was used to obtain inter-and intra-rater reliability measures. A perceptual resonance evaluation was completed on all three participants by two speech-language pathologists with experience in cleft palate speech evaluation. Inter-and intra-rater reliability for perceptual resonance measures were excellent (r = 1.00 for both). Reliability was completed on one-third of all MRI measurements. Inter-and intra-rater reliability ranged between r = 0.96 to r = 0.99. Intra-rater reliability was calculated using separate measurements completed by two researchers with experience in 3D MRI data analyses.
Family history
The family history is shown in the subsequent pedigree (Figure 1) , which was created using the Proband application for iPad (Children's Hospital of Philadelphia Department of Biomedical and Health Informatics, Philadelphia, PA). Individu- 
Child 1
Child 1 (Individual IV:3 in Figure 1 ) is a 6-year, 8-month old female fraternal twin presenting with normal anatomy, that is, without PRS or Stickler diagnosis. See Table 2 for details regarding surgical history and demographic information. Child 1 had articulation within normal limits and no history of speech therapy. Perceptual resonance rating indicated resonance within normal limits with no audible nasal air emission. SNAP-R picture stimulus items yielded the following mean nasalance values: Bilabials (11%), Alveolars (14%), Sibilants (14%), Velars (19%), and Nasals (55%), which are within the normative ranges [27] . Pressure flow values for velopharyngeal stimuli papa (0.006 cm 2 ) and hamper (0.031 cm 2 )
were also within normal limits. Magnetic resonance images from the midsagittal and oblique coronal image planes are shown for Child 1 in Figure  2A and D. As evident in Figure 2D , the levator muscle is seen as a visible U-shaped muscular sling. All craniofacial mea- sures are within one standard deviation of the normative values for a Caucasian child of six years. See Table 3 for all MRI measurements and corresponding noncleft control measures by age, according to Perry et al. [40] . However, not all variables used in the present study have reported mean values for controls without cleft palate as evident by the empty cells for certain variables in Table 3 [40] .
Child 2
Child 2 (Individual IV:2 in Figure 1 ) is a 6-year, 8-month old male fraternal twin with PRS and repaired cleft palate. See Table 2 for details regarding surgical history and demographic resonance (mild hypernasality and mild hyponasality) with occasional turbulent nasal air emission present during connected speech. SNAP-R picture stimulus items yielded the following mean nasalance values: Bilabials (9%), Alveolars (9%), Sibilants (12%), Velars (7%), and Nasals (54%), which are within normative range [27] . Pressure flow values for velopha- were also within normal limits. Magnetic resonance images from the midsagittal and oblique coronal image planes are shown for Child 2 in Figure  2 (B and E) . For craniofacial measures, the sella turcica-basion length was more than two standard deviations under the normative control value for Child 2. Nasion to sella turcica distance, nasion-sella turcica-basion angle, and facial height were all within the mean and standard deviation for comparison children of the same age [40] . As previously mentioned, Child 1 and 2 are fraternal twins, however, differences of greater than 4 mm or degrees were noted for sella turcica-basion distance (5.08 mm), opithsion-basion distance (5.57 mm), nasion-sella turcica-basion angle (6.9°), sella turcicabasion-opithsion angle (13.5°), Point A-N-Point B angle (9.8°), and facial height (4.97 mm). The twin with PRS demonstrated smaller values for these dimensions. For all other craniofacial variables assessed, differences were within 3.90 mm or degrees between these two individuals. Comparison of the midsagittal images (Figure 2A-C) highlights the posterior displacement of the facial skeleton in Child 2. The oblique coronal image of Child 2 ( Figure 2E ) demonstrates a cohesive levator sling that appears to be of similar thickness to that of Child 1, however, the length of the muscle is nearly 4 mm shorter than that of Child 1.
Compared to the mean and standard deviations for the noncleft control children of the same age [40] , Child 2 displayed values that were smaller than the mean but still within one standard deviation for measures of origin-origin distance, levator length, angle of origin, posterior nasal spine-posterior pharyngeal wall distance, and velar knee to posterior pharyngeal wall distance. Velar thickness was greater than one standard deviation above the normative mean. The distance from the posterior hard palate to the insertion of the levator was smaller than the mean values observed in control noncleft participants [40] . This indicates the levator muscle is more anteriorly positioned in Child 2 compared to control participants of the same age. See Table 3 for all MRI measurements and corresponding noncleft control measures by age, according to Perry et al. [40] .
Child 3
Child 3 (Individual IV:1 in Figure 1 ) is a 9-year, 3-month old male with PRS and repaired cleft palate. See Table 2 for details regarding surgical history and demographic information. Child 3 had articulation within normal limits and no history of speech therapy. Perceptual ratings indicated mild hyponasality with no audible nasal air emission. SNAP-R picture stimulus items yielded the following mean nasalance values: Bilabials (8%), Alveolars (6%), Sibilants (10%), Velars (8%), and Nasals (49%), which are within normal limits [27] . Pressure flow values for velopharyngeal stimuli papa (0.007 cm 2 ) and hamper (0.002 cm 2 ) were also within normal limits. Magnetic resonance images from the midsagittal and oblique coronal image planes are shown for Child 3 in Figure  2C and F. Nasion-sella turcia distance was the only craniofacial measure to be greater than two standard deviations below the mean. For velopharyngeal measures, levator length and the distance from the velar knee to the posterior pharyngeal wall were greater than two standard deviations below the normative mean. See Table 3 for all MRI measurements and corresponding noncleft control measures by age, according to Perry et al. [40] .
DISCUSSION
Previous studies have quantified the facial skeletal morphology of children with nonsyndromic PRS. Children with PRS have a proportionate retrusion of the maxilla and mandible, which result in a convex facial profile. Shen et al. [24] reported no significant difference in maxillary and mandibular length for children 4-7 years of age with PRS compared to those with isolated cleft palate. However, the authors observed mandibular length to be significantly shorter among children 10-13 years of age [24] . Although measures in the present study were different from those of Shen et al. [24] , this study did observe differences between Child 1 and 2 in the craniofacial skeleton. Specifically, decreased palate length, most notably from the posterior nasal spine to the incisive foramen, was greatly reduced for the two participants with PRS in the present case study. This suggests a retruded maxilla among those in the present study with a diagnosis of PRS, similar to previous findings [24] .
Associated comorbidities can put syndromic patients with cleft palate at risk for poor speech outcomes [41] . Successful cleft repair in individuals with PRS has been reported using the von Langenbeck technique at 18 months of age, however, long-term speech outcomes were not reported [42] . Patel et al. [43] found a significantly higher incidence of velopharyngeal insufficiency following primary palatoplasty for syndromic (38%) compared to nonsyndromic (16%) PRS after reviewing 96 cases retrospectively. Of the syndromic cases, Stickler syn-drome was the most commonly associated condition (45% of syndromic cases), with 25% of these patients developing velopharyngeal insufficiency [43] . It has been proposed that the maxillary hypoplasia in Stickler syndrome results in a smaller resting velopharyngeal gap, therefore explaining the lower incidence of velopharyngeal insufficiency compared to others with syndromic PRS [44] . Of interest in the present study, both children with a history of cleft palate (Child 2 and 3) showed a more anteriorly positioned levator sling compared to both the child without cleft palate and PRS diagnosis and also to noncleft control participants reported by Perry et al. [40] . In noncleft anatomy, the levator muscle inserts into the middle 40% of the velar length [45] . An anteriorly positioned levator muscle sling produces a velar eminence that yields an unfavorable function. To our knowledge, this is the first study to examine structure and positioning of the levator muscle in individuals with PRS and/or Sticker syndrome. Future research should employ a larger sample size to determine muscular positioning during palatoplasty and the corresponding relationship to speech outcomes within this population. Dynamic assessment of velopharyngeal closure during speech would be critical to better understand the causes of velopharyngeal dysfunction in one child (Child 2) compared to normal resonance found in Child 3.
Overall, there is very little information regarding speech outcomes of individuals with PRS with or without Sticker syndrome. A retrospective review of 32 patients with Stickler syndrome and 45 patients with PRS resulted in competent speech for 73.3% of patients with Stickler syndrome and 71.4% with associated PRS [41] . Although Child 2 and 3 in the present study both had PRS and repaired cleft palate, only Child 2 developed hypernasality and compensatory articulation errors. We were intrigued by the variability in speech outcomes between participants in this case study and anticipated anatomical differences may be present that would increase the likelihood that one participant would present with hypernasality and a history of compensatory articulation errors. Reduced palate length has been reported as a possible predictor of velopharyngeal dysfunction [46] . Compensatory articulation errors are known to develop as a result of velopharyngeal dysfunction. When compared to Child 3, average muscle length (specifically extravelar length), PNS-levator insertion, and pharyngeal depth were drastically reduced in Child 2. Child 2 also had a larger velopharyngeal ratio. Although one cannot draw conclusions from this data set, these dimensions warrant further investigation into whether these characteristics can predict speech deficits in participants with repaired cleft palate, such as compensatory articulation errors and hypernasality.
With a sample size of two participants with PRS and one familial comparison, conclusions cannot be drawn as to which craniofacial and velopharyngeal measures vary between participants with or without PRS. This study adds to the literature base regarding anatomical variables of individuals with PRS and indicates several areas that warrant further investigation with a larger sample size. To our knowledge, the present case study is the first to examine levator muscle variables in individuals with PRS. This is an important application of craniofacial and velopharyngeal measures to individuals with repaired cleft palate, specifically within syndromic populations. Future research in this area should quantify the variables included in this study within a greater sample size and compare to normative data to determine differences in anatomic parameters between these populations. Comparison between individuals with PRS and cleft palate only, such as that completed by Shen et al. [24] , should be performed utilizing velopharyngeal variables to determine whether differences in skeletal morphology influence velopharyngeal variables for those with PRS.
